We examine the relationship between the number concentration of boundary-layer cloud 9 condensation nuclei (CCN) and light extinction to investigate underlying aerosol processes 10 and satellite-based CCN estimates. Regression applied to a variety of airborne and ground-11 based measurements identifies the CCN (cm -3 ) at 0.4±0.1% supersaturation with 10 0.3α+1.3 σ 0.75
Introduction 21
Aerosol-cloud interactions (ACI) are the largest source of uncertainty in estimates of radiative 22 forcing responsible for the on-going climate change [Boucher et al., 2013] . ACI for warm 23 clouds depend on the number concentration of cloud condensation nuclei (CCN), the particles 24 capable of initiating drop formation at a given supersaturation [Pruppacher and Klett, 1980] , 25 not on aerosol optical properties. Yet, aerosol optical depth (AOD) and its variants weighted 26 by the spectral dependence over visible and near infrared (VNIR) wavelengths are commonly 27 substituted for CCN in ACI studies. The substitution is motivated by the wide availability in 28 space and time of satellite retrievals, an advantage over the sparse CCN measurements. But 1 underlying assumptions on the relationship between CCN and VNIR AOD remain to be 2 examined with direct observations in a horizontal resolution near one kilometer. 3
The CCN-AOD relationship is complicated partly because these quantities refer to different 4 volumes of air. Whereas the CCN most relevant to ACI are located at the cloud base altitude, 5 the AOD is defined for the entire vertical column. Aerosols at other altitudes contribute to it 6 but not to the CCN. The air mass interacting with clouds may be kilometers away from, or 7 hours after, clear-sky satellite measurements of AOD. It may be in horizontal and temporal 8 resolutions finer than them. These differences matter because aerosol spatio-temporal 9 distribution is generally inhomogeneous. 10
Even the CCN-extinction relationship at a given location and time is complicated, as each of 11 these quantities depends on particle size and hygroscopicity in its own convoluted way. Most 12 CCN are in the Aitken mode and the smaller sizes of the accumulation mode, the exact lower 13 limit depending on the hygroscopicity. That is because particles are typically most numerous 14 in these size ranges [Seinfeld and Pandis, 2006] and because the critical dry diameter for 15 droplet activation at a supersaturation of 0.2-0.6% is usually 50-120 nm [Pringle et al., 2010] . 16 The light extinction at midvisible wavelengths is normally dominated by the accumulation or 17 coarse mode where both particle volume and scattering efficiency are greater than for smaller 18 sizes [Waggoner et al., 1981] . Particles that are relatively small may grow into optically 19 active sizes at high ambient relative humidities due to uptake of water. As a result, particles 20 near 100 nm can add to the CCN number without significantly changing the light extinction, 21 and the extinction can increase upon humidity rises without changing the CCN number. Other 22 aerosol intensive properties such as refractive index, mixing state, particle shape and surface 23 tension can also influence the relationship. 24
The CCN-AOD relationship has been approximated by several parameterizations, each based 25 on either highly averaged measurements or a satellite algorithm. Some of them are applied to 26 satellite AOD products to study the aerosol effects on warm clouds. Virtually all existing 27 parameterizations have ∂logCCN/∂logAOD of unity or greater, i.e., the CCN concentration at 28 least doubles as AOD doubles. These parameterizations can be sorted into four groups. 29
The simplest CCN retrieval strategies scale CCN concentrations with AOD at a single 30 wavelength. They implicitly assume negligible variability in the combination of aerosol 31 spatio-temporal distribution and intensive properties. Andreae [2009] finds from dozens of 32 field experiments that, on an experiment average basis, AOD at 500 nm is correlated to CCN 1 concentration at 0.4% supersaturation as AOD 500nm =0.0027CCN 0.4% 0.640 with an R 2 of 0.88. 2
There is about a factor-of-four range of CCN concentrations at a given AOD. The exponent 3 0.640 on CCN means that doubling of AOD is associated with nearly tripling of CCN. In an 4 even simpler approach, Kaufman et al. [2005] use MODIS AOD as a surrogate for the 5 concentration of the aerosols that interact with the cloud layer, i.e., ∂logCCN/∂logAOD=1, to 6 study the aerosol effect on shallow liquid clouds. Koren et al. [2008] employ the same 7 technique to study aerosol effects on clouds over the Amazon, and Bellouin et al. [2013] to 8 estimate the shortwave direct and first indirect radiative forcing of anthropogenic aerosols. 9
Quaas et al. [2008] and Quaas et al. [2009] evaluate variously modeled aerosol effects in 10 terms of their relationship with AOD. 11
Another prevalent strategy is to multiply a single-wavelength AOD by the Angstrom 12 exponent, i.e., -1 times the slope of extinction spectrum in logarithmic scales. Nakajima et al. behind these uses of AI are that the impact of particle size is partly accounted for by the 21 Angstrom exponent and that the impact of spatio-temporal distribution and particle 22 hygroscopicity is negligible. Importantly, AI is proportional to AOD for a constant Angstrom 23 exponent, i.e., ∂logAI/∂logAOD=1. Nakajima et al. [2001] mention that a more accurate 24 proxy for column aerosol number is the AI raised to the power of 0.869 based on the AVHRR 25 retrieval algorithm. This statement has been widely ignored by subsequent studies. 26
Another strategy relies on satellite-retrieved aerosol size distribution. Gassó and Hegg [2003] 27 compute CCN concentration by three different methods. One of them relies on the MODIS 28 over-ocean algorithm. The algorithm matches spectral radiance calculated from combinations 29 of nine pre-set aerosol models to the spectral radiance observed over VNIR wavelengths by 30 the space-borne sensor. This yields aerosol size distribution, among other products. The 31 MODIS CCN product is the integral of the small-mode aerosol size distribution from a fixed 32 radius of 30 nm (Appendix B of Remer et al. [2005] , renamed PSML003_Ocean for MODIS 1 Collection 6 [Levy et al., 2013] ). This strategy, similar to the AI, accounts for the impact of 2 particle size and refractive index only. The derived column-integral CCN concentration is 3 proportional to the derived AOD. This product remains unvalidated and underutilized. 4 Spectral fitting has been applied to ship-based columnar remote-sensing measurements as 5 well [Sayer et al., 2012] . 6 The study by Liu and Li [2014] is unique. Their analysis of five ground-based long-term 7 measurements yields parameterizations that not only account for the size effect with 8
Angstrom exponent. They also eliminate the impact of aerosol vertical distribution by 9 referring to ground-level in situ optical measurements. The strategy should work with passive 10 satellite observations of column AOD as input, as long as additional measurements or a 11 transport model estimate the aerosol vertical profile. The impact of hygroscopicity is not 12 directly accounted for. The impact of horizontal-temporal distribution is obscured by the bin-13 averaging applied to a large number of CCN data. Jefferson [2010] also parameterizes the 14 CCN concentration with ground-based optical observations; the use of backscattering fraction 15 distinguishes her study from those mentioned above and the present study. 16
We propose a new parameterization between the CCN concentration and light extinction of 17 dried particles, based on airborne and ground-based observations of aerosols at about one 18 kilometer horizontal resolutions. We also discuss underlying aerosol processes and satellite-19 based CCN estimates. This paper does not address pre-industrial era estimates and advanced 20 remote sensing capabilities such as angles, polarization and, setting aside a mention of its 21 vertical resolution, lidar [Feingold and Grund, 1994 
Experiments and Instruments 25
We use in situ aerosol measurements made aboard the NASA P-3 aircraft during the central 26
Canada phase of ARCTAS and the California phase of DISCOVER-AQ from altitudes up to 27 one kilometer, and ground-based long-term observations at several sites run by the US 28 Department of Energy ARM program and Svalbard (Table 1) . In addition, we use the AOD 29 observed from the P-3 during ARCTAS Canada. 30
A solid diffuser inlet delivered ambient air to all the airborne in situ aerosol instruments. This 1 inlet and sample plumbing pass aerosol with dry aerodynamic diameter at least up to 5.0 µm 2 with better than 50% efficiency [McNaughton et al., 2007] . The partial loss of coarse particles 3 leads to an underestimate of light extinction, but its magnitude should be typically smaller 4 than 15-25%, an estimate for the NCAR Community Aerosol Inlet [Shinozuka et al., 2004 ] 5 that passes fewer particles than do solid diffuser inlets [Huebert et al., 2004] . As possible rare 6 exceptions, the impact of loss may be greater for dust particles. The submicron particles that 7 almost always dominate CCN are sampled isokinetically with a near 100% efficiency. The 8 timing of the airborne records used in this study is adjusted by 7-10s, depending on the 9 instrument and experiment, to account for the transport between the inlet tip and the 10 instrument. The CCN and extinction coefficient generally see sudden changes at identical 11 time stamps after this adjustment. At the ground sites other than Svalbard, the nephelometer 12 and PSAP instruments (see below) were downstream of a set of switched 1.0 µm and 10 µm 13
impactors. This study uses the measurements behind the 10 µm impactor only. There is no 14 aerosol size cut-off for the Svalbard data. The exception is the Svalbard single-wavelength (525 nm) PSAP, for which an absorption 22
Angstrom exponent of unity is assumed. The extinction coefficient at 450 and 550 nm is also 23 calculated, to derive the Angstrom exponent, α, again assuming the linear relationship on the 24 logarithmic scales. 25
We estimate 5-10% as the uncertainty in the 500 nm dry extinction coefficient, σ. on which a linear streamwise temperature gradient is applied. Owing to the greater diffusivity 4 of water vapor than heat in air, a supersaturation is generated, which is highest at the center 5 line of the flow tube. Sampled particles were exposed to the supersaturation along the vertical 6 column. The supersaturation in the CCNC was corrected for the water vapor depletion due to 7 high particle concentration during ARCTAS after Lathem et al. [2013] . Activated particles 8
were detected by an optical particle counter at the exit of the column. We estimate the 9 uncertainty to be 10% of the best estimate plus 5 cm The measured aerosol size distribution provides adequate counting accuracy and temporal 27 resolution for our CCN-AOD study. Matching or scaling with coincident CPC measurements 28 would exclude time periods when the aerosol number exceeded the CPC's upper detection 29 limit, and otherwise has little influence on the adjustment of CCN concentration to a single 30 supersaturation. The 1 Hz CPC counts indicate that plumes that lasted less than SMPS sample 31 time or took place between the SMPS samples have negligible impact on our analysis. The 32 impact of aerosol mixing state is small too, according to our simulation with 20% of the 1 particles in each SMPS size bin assumed to be hydrophobic. 2
Many recent studies have shown that the influence of aerosol composition on CCN activity 3 can be efficiently represented by a single hygroscopicity parameter, κ, which simply 4 expresses the affinity of a given aerosol particle for water [Petters and Kreidenweis, 2007 observations under the assumption that the extinction coefficient for the ambient particles was 22 constant below the aircraft (at one kilometer or below). Specifically, the scattering coefficient 23 was adjusted to the ambient humidity at the aircraft altitude, based on the f(RH) humidity 24
response measured with a pair of nephelometers at ~20% and ~80% RH, before being added 25 to the absorption coefficient and multiplied by the aircraft altitude. The below-aircraft 26 contributions thus calculated are 0-20% of the observed above-aircraft AOD in most cases. 27
We assign half of the magnitude of this compensation, i.e., 0-10% of the above-aircraft AOD, 28 as the best estimate of its uncertainty. This is combined with the 0.01 uncertainty in the 29 above-aircraft AOD assuming these two components are independent of each other 30 (calculated as the root of the sum of the squares), resulting in the uncertainty in the full-31 column AOD of 0.01-0.02 for most cases. relationship where the analysis centers around regression. In this regard our study departs 9 from previous ones in two ways. 10
First, this study minimizes data aggregation. Averaging data prior to regression generally 11 improves correlation, but the results do not represent the variance of original data points. We 12 do not average data over an entire experiment or CCN bins, because cloud microphysics 13 occurs in scales much finer than hundreds of kilometers or weeks. We aggregate CCN and 14 extinction data over 10-11s for the airborne data, 240-300s for the ground-based data. These [2014], x is logCCN and y is logAOD. Bivariate regression avoids this bias, as it gives the 31 same slope regardless of the choice of variable for x and y by iteratively minimizing the sum 32 of the squares of the diagonal distances [York et al., 2004] . This feature forces the linear-1 correlation coefficient, R, to be near unity; we evaluate the goodness of the fit by two other 2 measures. One is the variance of the slope estimated after Reed [1992] with the number of 3 independent measurements determined with an autocorrelation analysis after Bretherton et al. 4 [1999] . The other is the root-mean-square (RMS) of the deviation of individual data points. 
2). 10
The CCN concentration is adjusted to 0.4% supersaturation using the SMPS aerosol size 11 distribution (Section 2.1). The 500 nm AOD presented here is measured with the upward-12 viewing AATS-14 and augmented for the below-aircraft contributions using coincident in situ 13 aerosol extinction measurements. The resulting full-column AOD values are consistent with 14 the AERONET ground-based observations within 0.02 for low-level fly-over events 15 [Shinozuka et al., 2011] . 16
The bivariate regression applied to log 10 CCN SS=0.4% and log 10 AOD 500nm yields a slope of 17 0.74±0.11, expressed as the best estimate ± the square root of the variance (one sigma). The 18 RMS of the difference between the individual data points and fit is 0.35 on the log 10 The deviations from the fit arise mainly from aerosol vertical profile and intensive properties. 29
Of the other factors mentioned in Section 1, measurement errors are much smaller than a 30 factor of 2.3. So is the impact of water uptake on AOD, owing to the low (mostly <50%) 31 ambient RH and the low particle hygroscopicity. Aerosol horizontal-temporal variability is 1 not an issue with the airborne observations where all instruments operated from a single 2 platform at high temporal resolutions. If we minimize the impact of the vertical profile, we 3 can focus on studying the impact of the intensive properties. 4 We remove the impact of the vertical profile by replacing the column integral AOD with the 5 local extinction coefficient, in a manner similar to Shinozuka [2008] and Liu and Li [2014] . 6
Because the extinction coefficient is measured for dried particles, the impact of the humidity 7 growth on light extinction is also removed. The slope remains similar, 0.75±0.05 (Figure 1b) . 8
The deviation is reduced from a factor of 2.3 to a factor of 1.7. As a reference, Figure 1b  9 shows a line that goes through the geometric average of CCN (640 cm -3 ) and σ (27 Mm The wide dynamic range of the ARCTAS data is advantageous for the regression analysis. If, 13
for example, we remove the data above 30 Mm -1 , both the square root of the variance of the 14 estimated slope and the RMS fitting error amplify, from 0.05 and 1.7 to 0.17 and 2.0, 15
respectively. x and y values that span narrow ranges should be avoided for the regression 16
analysis. 17
The impact of the vertical profile is difficult to parameterize; so is that of the humidity 18 response of extinction. Our strategy is to set these issues aside and tighten the relationship 19 between CCN concentration and extinction coefficient for dried particles. The following 20 subsection shows this relationship sorted by Angstrom exponent for ARCTAS and other 21 experiments. 22
The CCN-extinction relationship for dried particles and its connection with 23

Angstrom exponent 24
The slope and deviation are similar for other locations that cover a broad range of aerosol and 25 meteorological environments. All CCN data shown here are measurements at 0.3-0.5% supersaturation. This range is wide 1 enough to allow sufficient data for regression analysis. But it results in an isolated group of 2 data points for a handful of cases, such as ~10% of the Black Forest data. This effect is 3 evident despite the fact that data points up to one minute after each change in pre-set 4 supersaturation are excluded. This is because the instrument supersaturation at the ARM 5 ground sites, once recalculated for the actual instrument temperature, occasionally takes steps 6 within the range, for example from just above 0.3% to just below 0.5%, rapidly changing the 7 CCN concentration. The rate of this change varies with supersaturation and location. It is 8 relatively high near 0.4% for Black Forest where the aerosol was highly variable with 9 pollution from Stuttgart, organics from agriculture and nearby forest and heavy nitrate 10 fertilization. Some of the isolated data points may be attributable to irregular instrument 11
performance. 12
No adjustment to a single supersaturation value is made, except for the central Canada data. 13
Adjustment is discouraged by the lack of supporting observations (e.g., size distribution) in a 14 statistically significant volume. We refrain from scaling the CCN-extinction relationship with 15 the supersaturation, because the observed relationship varies widely even over narrower 16 ranges of supersaturation. 17
We applied the bivariate regression for other subsets of data. Figure 3a and Table 2 Table 2 ). The exceptions are the data from Niamey, 28 presumably due to the frequent presence of coarse dust particles that significantly contribute 29 to extinction but are scarcely related to CCN number. Figure S1 in the supplementary 30 materials shows that regression results are similar with 450 nm extinction instead of 500 nm. 31
It also demonstrates that the standard least squares method yields similar results whereas 1 bisector and binned standard least squares methods lead to significantly poorer fits. 2
Unlike the slope and deviation, the intercept shows a systematic trend with Angstrom 3 exponent. To make the comparison among locations and Angstrom exponent bins easy, we 4 recalculate the intercept for individual pairs of CCN and extinction for a fixed slope of 0.75, 5 instead of using the bivariate regression results. Small dots in Figure 3c show the intercept for 6
Graciosa Island as an example. The arithmetic mean of the intercept is indicated with bigger 7 markers, for this location and others. The intercept increases with increasing Angstrom 8 exponent. This is qualitatively consistent with the fact that finer particles are generally more 9 numerous for a given extinction. This effect is weaker for the data from pristine Svalbard 10 (light green markers in Figure 3c ), for unknown reasons. Since the linear fit is made on the 11 log 10 -log 10 coordinates, 10
intercept is an estimate of the geometric mean of the CCN 12
concentrations at 1 Mm -1 dry extinction coefficient. 13
The mean intercept can be approximated as 0.3α+1.3 (dashed line in Figure 3c The exponent tends to slightly decrease with increasing supersaturation, as expected for the 29 decreasing overlap between the optically important particles and CCN. But, because this 30 tendency is dwarfed by the variability with location and Angstrom exponent, we have retained 31 a slope of 0.75 for the parameterizations above. Note also that the parameterization for ~0.2% 1 supersaturation is associated with a greater variability and fitting error (a factor of 3.0; Figure  2 S3d) than for ~0.4% supersaturation. This is because a greater fraction of the observed CCN 3 concentration is below 100 cm -3 and because variability among the locations is pronounced at 4 this supersaturation. 5
Discussion 6
Based on the observed CCN-extinction relationship, we discuss underlying aerosol processes 7 and satellite-based CCN estimates. To show the same data in a slightly different way, Figure 4b has the observed size 26 distributions that are grouped, divided by the extinction and averaged (solid curves). Greater 27 extinction is associated with proportionally fewer particles in the typical CCN sizes, one 28 explanation for ∂logCCN/∂logσ<1. Two things might seem counter-intuitive. One is the de-29 emphasis of the Aitken mode with extinction up to 300 Mm -1 , given that the Angstrom 30 exponent, which is commonly regarded as a size indicator, is restricted to 1.7-1.9 for this 1 demonstration. The other is the lower peak height in the accumulation mode for extinction 2 values beyond 300 Mm -1 , given that the distributions are normalized by the extinction. Simple 3
Mie calculations applied to these distributions (dashed curves in Figure 4b Combustion mechanisms and post-emission physicochemical processes may be doubly 24 effective in lowering the slope from unity, acting not only on refractive index but also on 25 hygroscopicity. The critical dry diameter (see Section 2.1) tends to be greater, hence the CCN 26 proportionally fewer, for greater extinction observed in the biomass burning particles (Figure  27 4a). The implied negative correlation between particle hygroscopicity and extinction might be 28 attributable to the processes. 29
Besides the production and transformation, mixing and removal can conceivably influence the 30 slope, although we do not have observational evidence. Dilution with clean air, for example, 31 should work to bring the slope to unity, since optically effective particles and CCN are 32 reduced by the same rate. So should the types of rain wash-out that scavenge particles 1 regardless of their size and hygroscopicity. Such processes might explain slopes higher than 2 0.75 in some locations ( Figure 3a , Table 2 ), though this might be caused by a few data points 3 separate from the rest. Mixing, be it internal or external, of dust particles with hygroscopic 4 particles can influence the slope, as indicated by the Niamey data (Figure 2 and 3, Table 2 ). 5
Generally, fine-tuning of our parameterization for local meteorology and aerosol conditions 6 should improve its accuracy. 7 Figure 4 helps explain not only the slope but also the variability in the CCN-extinction 8 relationship. The shades in Figure 4b indicate the one geometric standard deviation range of 9 the normalized size distributions, each of which corresponds to unit extinction and an 10 Angstrom exponent near 1.8. As such, the shades, which encompass roughly ±70% of the 11 geometric mean at most CCN sizes, represent the number of particles that can be added or 12 removed without significantly influencing the extinction and its wavelength dependence. The 13 variation in calculated critical diameter (horizontal bar in Figure 4a ), by roughly ±40 nm, 14 highlights the sensitivity of CCN concentration to both size and hygroscopicity. The 15 emissions and transformation of the biomass burning particles could be the main driver for the 16 variability observed over central Canada, not just for the slope. (Figure 3b, Table 2 ), whereas the 5 dry extinction and CCN vary by a factor of 1.7-2.4 and 1.8-2.7, respectively (numbers given 6 on the log 10 basis in Table 2 ). Thus, the evaluation of the simulations would be more effective 7 if the histograms of the ratio are considered in addition to those of each quantity. 8
Implications for satellite-based CCN estimates 9
The relationship of CCN to AOD, rather than to the dry extinction, is relevant to the satellite- The presence of a dust layer aloft, for example, complicates the CCN-AOD relationship. The 21 vertical profile depends on aerosol source and evolution as well as meteorological conditions, 22 and may exert an uncertainty comparable with, or greater than, a factor of 2.0. The slope is 23 also influenced and might be systematically decreased from 0.75±0.25, due to widening of the 24 relative dynamic range, as the dry extinction is replaced with AOD. A systematic increase in 25 the slope is unlikely. It would imply a negative correlation between the aerosol layer depth 26 and boundary-layer dry extinction coefficient. To be sure, a meteorology-aerosol connection 27 is present in some regions. For example, the planetary boundary layer height generally 28 increases and aerosol loading decreases away from the coast in the subtropical regions. But 29 such a negative correlation is not known to exist systematically over the globe. Higher 30 satellite resolution in vertical, horizontal and temporal dimensions, if achieved without 31 significantly sacrificing AOD retrieval accuracy, will better constrain the relationship. Model 32 estimates of aerosol layer thickness over wide horizontal and temporal extents will continue 1 to be useful and might be improved with assimilated satellite data. 2
The response of light extinction to humidity changes is also difficult to ascertain, especially 3 from remote sensing. Because the enhanced scattering due to water uptake by the particles can conditions, this effect may work to lower the slope when the extinction for dried particles is 18 replaced with the ambient AOD for humid environment (not evident in the dry central 19 Canada). A slope increase would imply higher f(RH) (i.e., higher RH, particle hygroscopicity 20 or both) at lower dry extinction coefficient -possible but uncommon. Thus, while most of our 21 observations (Section 3) refer to the in situ extinction of dried particles, it is logical to expect 22 the relationship to the columnar ambient (not dried) AOD to have a slope smaller than unity 23 as well. 24
The effects of horizontal-temporal variability are difficult to assess. The variability in the 25 CCN concentration is partly a consequence of that in aerosol intensive properties such as size 26 and hygroscopicity. This is accounted for in the factor of 2.0 error in our CCN-to-dry-27 extinction parameterization. Some of the horizontal-temporal variability in extensive 28
properties is also accounted for, if the uncertainty in the estimate of vertical profile 29 encompasses the horizontal-temporal variability of the vertical profile itself. The same is true 30 for the humidity response of extinction. With the CCN-σ link, vertical profile and humidity 31 response taken care of, the horizontal-temporal variability that remains to be accounted for is 32 only of the AOD. More precisely, we should consider the AOD variability between the 1 satellite and model grid boxes that is not included in the uncertainty estimate for the satellite 2 AOD products, and enter this into the overall uncertainty in satellite-based CCN estimates. 3
This way only the impact of the humidity response is double-counted. 4 The AOD horizontal-temporal variability within satellite grid boxes is negligible in 5 comparison with other sources of uncertainty associated with AOD-based estimates of CCN. 6
The AOD seldom varies by a few tens of percent within satellite grid cells [ uncertainties are a factor of ~3 for AOD 500nm <~0.1 and a little over a factor of 2 for the rest. 7
Experiment averages over hundreds of kilometres and months shown in Figure 1 and Table 2  8 of Andreae However, two characteristics of this product deviate from the reality. First, AI decreases as 24 rapidly as Angstrom exponent does. At α=0.2, the AI-based CCN estimate is significantly 25 lower than ours (blue curves in Figure 6b) ; at α<0, AI is negative. Our parameterization, 26 derived from log-log plots, always returns a positive CCN concentration as long as the 27 extinction coefficient is positive. 28 Second, AI is proportional to the AOD with the Angstrom exponent kept unchanged. 29 Nakajima et al. [2001] suggested raising the product to the power of 0.869, which subsequent 30 studies neglected. Doing so would make it a better surrogate for CCN, closer to 0.75, the 31 value we find through the direct observations. 32
The slope is smaller in our parameterization than any of the existing ones. This, we expect, is 1 translated into a smaller CCN variability, at least by a simplistic model where satellite AOD is 2 directly converted to the CCN using such a parameterization. As a result, satellite-based 3 estimates of radiative forcing through the interactions between aerosols and warm clouds may 4 be lowered in magnitude. However, the differences arising from the choice of CCN-AOD 5 parameterization may correspond to a considerably lower uncertainty in CDNC in the 6 conditions where the cloud dynamics makes the response of CDNC to CCN sublinear 7
[Morales Betancourt and Nenes, 2014]. 8
Conclusions 9
Approximating the number concentration of CCN with satellite retrievals of AOD is common. the quality of the estimate of these factors, the uncertainty can be closer to a factor of three. 31
The slope of the log 10 CCN-log 10 σ relationship, 0.75±0.25, is smaller than any existing 1 parameterization. Aerosol growth processes such as coagulation, condensation and in-cloud 2 processing generally make particles scatter more light while hardly increasing their number. 3
Other processes of production, transformation, mixing and removal may play a role too. Our 4 observations and analysis should help to evaluate their representation by models. 5
It is logical to expect the logCCN-logAOD relationship for ambient (not dried) aerosols to 6 have a slope smaller than unity as well. Exceptions may arise from extensive data aggregation 7 over space, time or aerosol types and, possibly, from special meteorology-aerosol connections 8 influencing the vertical profile or humidity growth. With the slope smaller than unity, 9 doubling of AOD is associated with less than doubling of CCN. This marks a departure from 10 existing CCN proxies such as AOD and AI, and can impact estimates of aerosol cloud 11 interactions. 12
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